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Abstract
Background/Aim: Industrial-scale animal feeding operations (AFOs) have adverse impacts on 
regional air quality. Air emissions include endotoxins and other pro-inflammatory components, 
and exposure may cause airway inflammation and respiratory effects in susceptible individuals 
residing nearby. We aimed to develop and validate metrics for estimating time-varying exposure to 
AFO air pollution in surrounding communities and, secondly, to determine whether exposure is 
associated with health effects in children with asthma.
Methods: We conducted a longitudinal panel study of N=58 children with asthma in an 
agricultural region of Washington State with a high density of dairy AFOs. Children were 
followed for up to 26 months with repeated measures of respiratory health (N=2023 interviews; 
N=3853 lung function measurements); urine was collected in a subcohort (N=16) at biweekly 
intervals over three months and analyzed for leukotriene E4 (LTE4), a biomarker of systemic 
inflammation (N=138 measurements). We developed an approach to estimate daily exposure to 
AFO airborne emissions based on distance to AFOs, AFO size, and daily wind speed and 
direction, and validated the estimates against direct measurements of ammonia, a chemical marker 
of AFO emissions, measured biweekly at 18 sites across the region for 14 months. Short-term 
relationships between AFO pollutant exposure and outcomes were assessed using regression 
models accounting for within-participant correlation and several potential confounders.
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Results: Estimates of daily AFO air pollution correlated moderately well with outdoor ammonia 
measurements (N=842; r=0.62). Forced expiratory volume in one second (FEV1) as percent of 
predicted was 2.0% (95% CI: 0.5, 3.5) lower with each interquartile increase in previous day 
exposure, but no associations with asthma symptoms were observed. There was suggestive 
evidence that LTE4 concentrations were higher following days of elevated exposure to AFO 
emissions (p=0.07).
Conclusions: A simple metric of time-varying exposure to AFO emissions was correlated with 
daily outdoor ammonia levels. Children with asthma may be adversely affected by exposure to 
AFO emissions.
Keywords
air pollution; agriculture; animal feeding operations; industrial food production; dairy farms; 
pediatric asthma
INTRODUCTION
The rise of industrial-scale agriculture in the United States threatens environmental quality 
in a number of ways, including pollution of regional airsheds (Aneja et al., 2009). Large-
scale facilities where livestock and poultry are raised for food production, called animal 
feeding operations (AFOs)1, emit numerous biological and chemical pollutants to the 
surrounding atmosphere. Previous studies have documented elevated concentrations of 
hydrogen sulfide (Feilberg et al., 2017 Pavilonis et al., 2013; Thorne et al., 2009;), ammonia 
(Donham et al., 2006; Schulze et al., 2011; Williams et al., 2009), endotoxins (Dungan et al., 
2012; Ko et al., 2010; Williams et al., 2016), bioaerosols (Thorne et al., 2009), odors 
(Thorne et al., 2009; Wing et al., 2008), and total dust (Purdy et al., 2009; Williams et al., 
2009) in the vicinity of AFOs. Many components of AFO emissions are toxic to the 
respiratory system (Heederik et al., 2007; May et al., 2012). Increased risks of respiratory 
diseases for AFO workers are well-documented (Arteaga et al., 2015; Donham et al., 1993; 
Douglas et al., 2018; Reynolds et al., 2013;Von Essen et al., 2010); in contrast, impacts on 
community health are less certain. Previous epidemiologic studies have described 
associations between community-level AFO exposures and health effects (Hooiveld et al., 
2016; Horton et al., 2009; Kalkowska et al., 2018; Loftus et al., 2015a; Merchant et al., 
2015; Mirabelli et al., 2006; Pavilonis et al., 2013; Radon et al., 2007; Rasmussen et al., 
2017; Schinasi et al., 2011; Schulze et al. 2011; Sigurdarson et al., 2006; Wing et al., 2013), 
but most were cross-sectional in design and dependent on time-invariant exposure estimates 
such as distance to nearest AFO (Kalkowska et al., 2018; Merchant et al., 2015; Mirabelli et 
al., 2006; Schinasi et al., 2011), count of AFOs within a certain distance (Hooiveld et al., 
2016; Pavilonis et al., 2013; Radon et al., 2007) or modeled ambient concentrations of an 
AFO-related pollutant (Sigurdarson et al., 2006).
1Abbreviations and definitions: AFARE – Aggravating Factors of Asthma in a Rural Environment; AFO – animal feeding operation; 
ATS – American Thoracic Society; BMI – body mass index; CI – confidence interval; DNMP – Dairy Nutrient Management Program; 
FEV1–forced expiratory volume in 1 second; FEV1% – forced expiratory volume in 1 second as a percentage of predicted value; GEE 
– generalized estimating equations; ICC – intraclass correlation coefficient; IQR – interquartile range; LMM – linear mixed models; 
LOD – limit of detection; LTE4 – leukotriene E4; NH3 – ammonia; PFM – peak flow meter; uLTE4 – urinary leukotriene E4; 
YVFWC – Yakima Valley Farmworkers Clinic
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To date, a small number of longitudinal, repeated measures studies of health effects utilizing 
time-varying AFO exposures have been conducted (Horton et al., 2009; Loftus et al., 2015a; 
Schinasi et al., 2011; Wing et al., 2013). This study design, also referred to as a “panel 
study,” is especially well-suited to assess time-varying exposures that result in short-term, 
reversible health effects. Since each participant is observed repeatedly during periods of 
varying exposure, within-participant associations between exposure and health can be 
analyzed and the influence of between-participant confounding is mitigated (Janes et al., 
2008). Estimating individual, time-varying exposures in a panel study can be challenging. 
Personal exposure modeling is often prohibitively expensive and difficult, and there are 
limited options for estimating individual exposure to airborne emissions from point sources 
of pollution, like AFOs (Brender et al., 2011; Cordioli et al., 2013; Hoek et al., 2018; Pascal 
et al., 2013). Relying on simple distance to sources of air pollution as proxy of exposure can 
lead to substantial exposure measurement error (Hodgson et al., 2007; White et al., 2009).
We previously conducted pediatric asthma panel studies in the Aggravating Factors of 
Asthma in a Rural Environment (AFARE) study, a community-based participatory research 
project set in an agricultural region of Washington State. We found that lung function of 
children with asthma was poorer on days following higher concentrations of outdoor 
ammonia (Loftus et al., 2015a). Here, we extend this research by first developing and 
validating a measure of daily exposure to airborne AFO pollutants that accounts for distance 
to nearby AFOs, AFO size, and wind direction and speed. Secondly, we demonstrate use of 
this metric and repeat our previous panel study of AFO air pollution exposure and asthma 
morbidity with a substantially larger sample size. Finally, we evaluate whether modeled 
AFO emissions are associated with a biomarker of systemic inflammation, urinary 
leukotriene E4 (uLTE4), measured repeatedly in a subset of the AFARE cohort. uLTE4 is a 
measure of total body cysteinyl leukotrienes, key mediators in airway inflammation that may 
play an important role in inflammatory-mediated responses to environmental pollutants 
(Hoffman et al., 2018).
We hypothesized that children with asthma experience short-term increases in inflammation, 
more asthma symptoms and poorer lung function following days of elevated exposure to 
AFO air pollutants.
MATERIALS AND METHODS
The AFARE Study
AFARE was conducted within El Proyecto Bienestar, a community-based participatory 
research partnership between the University of Washington Pacific Northwest Center for 
Agricultural Safety and Health; the Yakima Valley Farm Worker Clinics (YVFWC), a 
network of federally-qualified health clinics serving migrant and seasonal farmworker 
families as well as other underserved populations in the region; and the Northwest 
Community Education Center, which provides support and education for the Latino 
community in the Yakima Valley. Details of AFARE have been described previously 
(Armstrong et al., 2013; Loftus et al., 2015a; Loftus et al., 2015b); this is a secondary 
analysis of previously-collected data that expands on previous work by incorporating 
analysis of a urinary biomarker, described below. The study was conducted from 2010 to 
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2013 in the Yakima Valley of Washington State, a region spanning from the city of Yakima 
in the northwest to Prosser in the southeast and roughly 42 miles in length from corner to 
corner. Approximately 70-80% of the region is used for agriculture, including a high density 
of animal feeding operations -- predominantly large dairies -- located in the southeastern 
half of the valley. In 2012 there were 65 dairies in the Lower Yakima Valley licensed 
through the Washington State Department of Agriculture, housing over 150,000 cows in 
total (WA State Dept of Agriculture, 2014).
As described previously, AFARE participant recruitment started in August 2010 and 
spanned one year. Families actively involved in the YVFWC Asthma Program were invited 
to enroll if children were of school age (6 to 16 years old), had no other serious illnesses and 
intended to stay in the region during the two-year duration of the study. All research was 
approved by the University of Washington Institutional Review Board, and consent or assent 
was obtained from all participants prior to participation. In total, 58 participants were 
enrolled and 9 (16%) dropped out prior to the end of AFARE data collection in October 
2012. Data from participants who left the study were retained in analysis because the choice 
to end participation was unrelated to health or exposure status (e.g., moved out of region).
Asthma health assessment
Longitudinal asthma health assessments in the AFARE cohort are described in detail in 
previous papers (Loftus et al., 2015a and 2015b). See Figure 1 for a timeline of health and 
environmental data collection. Two methods were used to repeatedly assess participants’ 
respiratory health across the study period: 1) biweekly phone surveys regarding child asthma 
symptoms and medication use and 2) daily home lung function tests.
Biweekly Asthma Symptom Surveys: Approximately every two weeks, phone 
interviews with either the child or an adult family member were conducted to assess the 
presence of recent asthma symptoms and medication use. Interviewees were asked five 
questions about asthma symptoms (shortness of breath, nighttime waking, limitation of 
activities, wheezing, and morning asthma symptoms) in reference to the week prior. A sixth 
question pertained to short-acting bronchodilator use over the past week, estimated as 
average number of “puffs” per day. Our survey is not validated but comprised of questions 
on asthma symptom occurrence and rescue medication use which are commonly assessed in 
combination or independently to determine asthma control in clinical practice and in 
research studies.
In analysis, we analyzed each symptom and medication use separately as a binary value: any 
reported experience of the symptom (or use of medication) use in the week prior versus no 
experience of symptom (or use of medication).
Daily home lung function tests: Each child was trained in proper use of a PikoNET 
PiKo-1 handheld peak flow meter (PFM) with digital memory (nSpire Health, Inc; 
Longmont, CO) according to American Thoracic Society (ATS) guidelines and instructed to 
use it every day prior to any short-acting bronchodilator medication. Stored data were 
downloaded by YVFWC staff at approximately six-week intervals. During a 12-month 
AFARE follow-up visit, clinical staff observed each child’s technique and retrained 
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participants if necessary. The PFMs produced a value of FEV1 with each blow, which was 
converted into the percent of predicted value (FEV1%) based on standard reference 
equations (Hankinson et al., 1999). Values of FEV1% that were implausibly high (above 
150%) or low (below 30%) as well as measurements that were flagged by the device as 
potential errors were omitted from analysis. If multiple FEV1 values were available on a 
given day, the highest FEV1% was chosen to represent daily FEV1%.
Urinary LTE4 measurements
In the final three months of the AFARE study, we collected urine samples from a subset of 
the cohort (n=16), chosen based on residential proximity to air monitors. They provided 
“spot” morning urine samples every six days over 14 weeks. Study field staff picked up the 
urine samples and kept the samples at 0 degrees C until return to the field office, after which 
samples were stored at −20 degrees C until time of analysis.
Quantitative analysis of uLTE4 was performed in the UW Department of Environmental and 
Occupational Health Studies Functional Genomic Lab. First urine samples were purified 
using Cayman’s Cysteinyl Leukotriene Affinity Columns (Item No. 400068 for samples 
with low volume and Item No. 400069 for samples with higher volume) according to 
manufacturer’s protocol. Then uLTE4 levels of the purified samples were quantified using 
Leukotriene E4 EIA kit (Cayman Item No. 520411) according to manufacturer’s protocol.
Urinary creatinine was analyzed by a modified Jaffe procedure (Beckman Coulter AU 
System Creatinine [Beckman Coulter Inc.; Brea, CA]). All uLTE4 measurements were 
adjusted for creatinine and log transformed before statistical analyses.
Ammonia monitoring
Air monitoring was conducted during the second year of the AFARE study. We have 
described the design, deployment and performance of AFARE air sampling devices 
elsewhere (Armstrong et al., 2013). In brief, fourteen devices were placed outside the homes 
of a subset of the AFARE participants selected based on accessibility, security and overall 
spatial variability across the study region. Four monitors were moved to a new location 
during the air monitoring period because families changed residences (n=3) or the 
participant dropped out of the study (n=1), and one monitor was destroyed in a home fire 
three months prior to the end of the study. As a result, there were 18 monitoring sites during 
the course of the study. Every six days, devices actively sampled outdoor air for 24 hours 
using a silica bead sampling tube (SKC Inc; Eighty Four, PA), and flow rates were calibrated 
once a month. Sampling tubes were transported the University of Washington Environmental 
Health Laboratory at 0°C, where they were desorbed with deionized water and analyzed for 
ammonium using ion chromatography. Ammonia masses below the limit of detection (LOD) 
(either 1 or 0.5 μg, depending on the date of analysis) were replaced by LOD/2 for the 
calculation of concentration. In sensitivity analyses, we substituted LOD ∕ 2 for values 
below the LOD and repeated all analyses; all of the results were the same. Average ammonia 
concentration over the sampling period was calculated as the mass divided by total volume 
of air sampled over the period. A total of 814 ammonia concentrations were measured 
during the study period.
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Calculation of daily plume exposure (Eplume)
We developed an approach to estimating daily AFO airborne “plume” exposure at specific 
locations in the study region based on simple principles of atmospheric plume dispersion 
from point sources (Curtiss and Rabl, 1996). Four equations were used to calculate daily 
exposure to AFO plumes at participant locations (Table 1). The first two versions, Eplume,1 
and Eplume,2, were time-invariant and were calculated based upon characteristics of regional 
AFOs. Eplume,1 was calculated using distance to regional AFOs alone, and Eplume,2 
incorporated facility size, a proxy measure for number of animals, in addition to distance. 
Eplume,3 and Eplume,4 were time-dependent quantities calculated with daily resolution based 
on wind conditions measured at each AFO location during a 24-hour period: Eplume,3 
included a term to account for changing hourly wind directions and the bearing from AFO to 
participant location, and Eplume,4 additionally included a term to account for wind speed 
during the hours when wind was blowing in the direction from AFO to participant location.
To estimate locations and sizes of all AFOs in the study region, we started with the WA State 
Department of Agriculture database of dairy operations registered through the Dairy 
Nutrient Management Program (DNMP) in 2012, because the majority of animal operations 
in the Yakima Valley are dairies. Then we inspected aerial photography images of the entire 
study region available online via Google Earth for characteristic features of AFOs such as 
large dirt areas containing cattle, feeding and milking shelters, and animal waste storage 
ponds. We confirmed or corrected the location of the dairy operations in the region 
registered with the DNMP (N=65) and, further, identified facilities not in the DNMP 
database (N=32). We estimated the area of each facility in units of m2 and approximated the 
geographic location as the center of the facility. The distance and bearing (360°) from each 
AFO to every participant location were determined using the “geosphere” package in R 
(version 2.14.2, The R Foundation for Statistical Computing).
Hourly meteorological conditions (wind speed and direction) at each AFO on every day of 
the study were obtained from the Washington State University AgWeatherNet database 
(http://weather.wsu.edu/awn.php [Accessed June 21, 2014]), which maintains historical 
meteorology data for ten weather stations within the region. For each AFO, the nearest 
weather station was identified and used as the source of hourly wind measurements. The 
term in equations for Eplume,3 and Eplume,4 pertaining to wind direction, f(t, s, a), was 
calculated as the proportion of hours when the wind was blowing from the AFO to the 
participant location based on an eight-point wind rose. Finally, the term describing daily 
wind speed in Eplume,4, u(t, s, a), was calculated as the average wind speed only during the 
hours of the day in which the wind was blowing in the direction from the AFO to participant 
location. Hourly wind speeds lower than 0.5 m/s were considered to be “calm conditions” 
and replaced by 0.5 m/s (Hanna et al., 1982).
We utilized Eplume,4 as our primary exposure metric for all epidemiological analyses. We 
estimated exposures for each participant’s home and school address, and accounted for 
exposure at both locations by applying simple assumptions about time-activity patterns. For 
weekends and days outside the regular school year, exposure was assigned based on home 
location. For weekdays during the school year, a time-weighted average of home- and 
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school-based values was calculated assuming seven hours spent at school and 17 hours at 
home.
Statistical analysis
All statistical analyses were performed using Stata 12.0 IC (StataCorp LP; College Station, 
TX) or R (version 2.14.2, The R Foundation for Statistical Computing). We performed 
descriptive analyses of all outcomes, exposures and covariates. Relationships between log-
transformed ammonia concentrations and Eplume estimates were summarized using Pearson 
correlation coefficients (r). Univariate associations between participant-specific mean uLTE4 
concentrations and child characteristics were compared using t-tests with unequal variances 
with the exception of child age of enrollment, which was compared to participant-specific 
mean uLTE4 by linear regression with robust standard errors.
Statistical methods for epidemiologic analysis varied by outcome. To models associations 
between AFO exposure and asthma symptoms and lung function (in separate models), we 
used linear regression with generalized estimating equations (GEE) and an exchangeable 
correlation matrix (Diggle et al., 2002). Reported asthma symptoms were based on surveys 
referring to the week prior to the interview; therefore, we calculated average AFO plume 
exposure across the seven days prior to the interview date for the primary exposure in 
analyses of these outcomes. For analyses of daily lung function (FEV1%), we investigated 
lagged daily exposures ranging from 0 (same day) to 5 days prior to lung function 
measurement. Covariates included as potential confounders in analyses of asthma symptoms 
and lung function were selected a priori based on existing scientific evidence of relationships 
with respiratory health and/or exposure. Our final model included several time-varying 
factors: temperature, relative humidity (both as cubic splines), elapsed week of study, and 
seasonality (calendar month). We additionally controlled for participant-specific 
characteristics likely associated with asthma morbidity: sex, age, atopy, use of inhaled 
corticosteroids at baseline, BMI at baseline and presence of adult smoker in household.
We also measured associations between estimated AFO exposure and uLTE4. We 
investigated lagged daily exposure to estimated AFO air pollution ranging from 0 (same 
day) to 4 days prior to the day of urine collection. We used linear mixed models (LMM) 
instead of GEE for these analyses because GEE performs best with larger numbers of 
clusters, and there were only 14 participants in the LTE4 substudy. In addition, we also 
selected covariates differently due to a much smaller sample size available for LTE4 
analyses. For a more parsimonious model, we only included participant characteristics 
associated with uLTE4 in univariate analyses: child age, use of inhaled corticosteroids at 
baseline, and atopy status.
In all epidemiologic models, the mean outcome was modeled to be linear in response to the 
primary exposure of interest, and we present results as effect sizes per interquartile range 
(IQR) increase in exposure.
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RESULTS
Study population and setting
AFARE children ranged in age from 6 to 16 years old at the time of enrollment and were 
split evenly by gender (Table 2). The majority of participants self-identified as Latino/
Hispanic in ethnicity, and half reported that one or more parents were employed in farm 
work. 24 (41%) children were from families with an annual household income of $15,000 or 
less. Two thirds (n=38) had been hospitalized for asthma at one point in their lives, and 46 
(n=79%) had visited an urgent care clinic or the emergency department for asthma in the 12 
months prior to enrollment. The majority of children were taking daily maintenance 
medications (i.e., “controller” medications) for asthma at baseline, of which the most 
common was inhaled corticosteroids. 42 (71%) tested positive to at least one aeroallergen in 
skin prick testing, and 8 (14%) lived with at least one adult smoker. The N=16 children who 
participated in the urinary LTE4 sub-study were representative of the full cohort (Table 2).
In the AFARE study region there were N=65 dairy operations licensed by the Washington 
DNMP in 2012, N=5 of which (7.7%) were classified as small, with up to 199 mature 
animals each; N=16 (25%) as medium, with 200-699 animals; and N=44 (68%) as large, 
with over 700 animals. Our review of aerial images of the region identified an additional 
N=32 potential animal facilities. The N=97 total facilities in the region ranged in size from 
6500 to 900,000 m2 in estimated surface area (mean=190,000 m2).
Longitudinal asthma health
N=2,023 biweekly interviews were conducted over 26 months; the respondent was the child 
in 35% of the interviews and a parent in 65%. Participant-specific frequencies of report for 
each symptom were calculated and then averaged to give a mean and standard deviation 
across the population. Woken by asthma was reported most frequently and shortness of 
breath was the least frequent symptom, on average (mean of 45% and 19% of surveys, 
across participants; Table 3). N=3852 lung function measurements were collected, and the 
participant-average FEV1 as percent of predicted (FEV1%) averaged 75% (s.d. = 15%). 
FEV1 increased for the cohort across the study period, at an average rate of 0.26 L per year. 
Participants’ PFM data completeness rates (i.e., percent of days with at least one PFM 
measurement) ranged from 12 to 80% (mean = 35%). We assessed patterns in PFM 
missingness and detected no statistically significant relationships between participant-
specific completeness rates and symptom reports, average FEV1%, atopy status, or use of 
inhaled corticosteroids at baseline. We also found no evidence that the odds of FEV1 
missingness on a specific day of the study was related to average lung function during the 
same time period (week average FEV1%). In our previous analyses of lung function data, we 
imputed missing values and observed no differences in results when analyses were 
conducted in multiple imputed datasets (Loftus et al., 2015a and 2015b); for the current 
analysis, we conducted complete case analysis.
Urinary LTE4
Children who participated in the LTE4 substudy (n=16) contributed an average of 9 urine 
samples each (range = 1 to 15). A total of 138 samples were analyzed for LTE4. The 
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geometric mean (geometric standard deviation) of creatinine-adjusted uLTE4 concentration 
was 85 (1.9) pg/mg creatinine. We observed substantial within-participant temporal 
variability in uLTE4 (Figure A.1). The intraclass correlation coefficient (ICC) of log 
(adjusted uLTE4) was 0.34, indicating that within participant variability was greater than 
between participant variability.
In univariate analyses of participant-averaged uLTE4 measurements, uLTE4 was higher for 
children with atopic asthma (p = 0.09) and for children taking inhaled corticosteroids at 
baseline (p = 0.028; Figure 2). Boys had higher uLTE4 than girls, but the difference was 
small and imprecise. uLTE4 was significantly lower with older age; log (adjusted uTLE4) 
averaged 0.12 points lower (95% CI: 0.05, 0.19) per each year older.
Estimated AFO air pollution exposure and comparison to outdoor ammonia
All four metrics of plume exposure were moderately-to-highly correlated with directly 
measured outdoor ammonia concentrations across the region (Figure 3). Ammonia 
concentrations estimated from ammonia mass below the laboratory LOD are more uncertain 
than those calculated from higher ammonia masses; these two categories of ammonia 
concentrations are distinguished in the plots. In general, weaker relationships between 
ammonia and estimated AFO exposure were observed when ammonia mass was below the 
LOD. Both time-invariant estimates of exposure (Eplume,1 and Eplume,2) displayed a 
moderate degree of positive correlation with measured ammonia concentrations (r=0.54 in 
both cases).
Adding a variable reflecting wind direction (i.e., the difference between Eplume,2 and 
Eplume,3) increases the correlation to 0.61. That is, accounting for wind direction increased 
the model R2 from 0.29 to 0.37, indicating that the wind direction term alone accounts for 
8% of the variability in daily ammonia at monitoring sites. Addition of the wind speed term 
with Eplume,4 increased correlation from 0.61 to 0.62 (an increase in R2 from 0.37 to 0.38), a 
very minor improvement. We examined site-specific relationships between ammonia and 
Eplume,4 and observed a consistently positive relationship at all 14 sites (Figure A.2).
Associations between AFO air pollution and asthma health
Analysis of daily FEV1% and estimated AFO air pollution exposure on various lag days 
indicated that decrements in lung function occurred following elevated exposures to AFO 
plumes (Figure 4). Statistically significant decrements were observed one day after 
exposure: −2.0% (95%CI: −3.5, −0.5) per IQR increase in predicted exposure, while 
associations with other lag days were smaller in magnitude and null. We observed no 
associations between reported asthma symptom and medication use and average AFO 
pollution exposure in the week prior (Table 4).
Associations between AFO air pollution and urinary LTE4
Higher uLTE4 concentrations occurred on days of higher estimated AFO plume exposure, 
both for the subcohort overall (N=16 children; 134 urine analyses) as well as for most 
individual participants (Figure 5). In multivariable regression, we found a marginally 
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significant elevation of uLTE4 associated with same day exposure and nonsignificant 
elevations of uLTE4 on one or more days after exposure assessment (Table 5).
DISCUSSION
We developed an easy-to-implement approach for modeling spatiotemporal variations in 
exposure to airborne emissions from AFOs and validated the model against measurements of 
outdoor ammonia, a chemical marker of AFO-related air pollution, monitored at several sites 
across the study region over a year (N=814 measurements). This method was then applied to 
estimate personal daily exposures for a panel study of lung function, asthma symptoms and 
biological markers of inflammation in children with asthma residing near AFOs. We found 
that children’s lung function was lower in the days following increased exposure to AFO 
emissions. Note that the effect size was small in magnitude. For comparison, the standard 
deviation in participant-averaged FEV1 in this study was 15%, and the ATS classifies a 20% 
change of FEV1 as being a mild exacerbation (Reddel et al., 2009). A study of children with 
asthma in urban Windsor observed a more modest effect size of approximately 0.5% 
reduction in predicted FEV1 per interquartile increase in PM2.5 (6 mcg/m3). However, as 
noted in that study, such modest effects may have public health importance as these ambient 
exposures are experienced by children across the community. The 2% in FEV1% associated 
with an IQR increase in plume exposure we observed is the average difference across the 
entire cohort and all occurrences of exposure; the decrease in FEV1 for a specific child on a 
given day of exposure could be much larger in magnitude. Because child living in close 
proximity to AFOs may be repeatedly exposed to elevated emissions over time, the impact 
on asthma health could be substantial.
In general, our findings of increased respiratory morbidity associated with AFO air 
exposures were in line with findings from our previous, smaller study of lung function and 
monitored ammonia (Loftus et al., 2015a), as well as those of other recent studies of 
pediatric asthma in communities impacted by AFO-related pollution (Merchant et al., 2015; 
Mirabelli et al., 2006; Pavilonis et al., 2013; Radon et al., 2007; Rasmussen et al., 2017). 
Our finding that systemic inflammation may increase following higher exposures to AFO air 
pollution are novel, and further strengthens the hypothesis that these exposures contribute to 
community asthma morbidity. We were not able to conduct statistical tests of mediation or to 
assess whether uLTE4 predicts asthma symptoms or poorer lung function, however, because 
timing of biomarker and asthma outcome data did not align well enough.
One contribution of the current work is the development and validation of a simple, time-
varying metric of air emissions from point sources for use in epidemiological investigations 
of short-term health effects. Epidemiological studies of community exposures to air 
pollution from industrial point sources typically utilize distance to source or number of 
sources within a circular buffer to estimate exposure (De Sario et al., 2018; Hoek et al. 2018; 
Pascal et al., 2013). The exposure measurement error introduced by assuming that exposure 
depends only on distance can bias epidemiological associations. A number of health effects 
studies have accounted for meteorological factors that affect environmental transport of 
pollutants emanating from point sources like waste incinerators, refineries, and other 
industrial facilities (Coudon et al., 2019; Ghannam et al., 2013; Hoek et al., 2018; Micheli et 
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al., 2014; White et al., 2009; Yu et al., 2005); some have utilized sophisticated dispersion 
models that additionally incorporate stack height, variations in emissions rate, chemical 
transformations, and other determinants of pollutant concentration (Ghannam et al., 2013). 
Most of these modeled long-term exposure and evaluated associations with cancer, birth 
outcomes and chronic conditions (Brender et al., 2011; Coudon et al., 2019; Coudon et al., 
2018; Micheli et al., 2014; Yu et al., 2005;). Few studies of asthma exacerbations or 
morbidity have utilized time-varying individual exposure to point-source air pollution in a 
panel or case-crossover study (Lewin et al., 2013; Loyo-Berrios et al., 2007; Smargiassi et 
al., 2009).
We conducted our modeling approach in stages to evaluate the relative contributions of 
components of the model. The simplest metric of plume exposure (Eplume,1), which was 
calculated solely upon distances to regional AFOs, had a moderate degree of correlation 
with daily ammonia concentrations (r=0.54). The addition of facility size (Eplume,2) did not 
improve correlation with ammonia by a meaningful amount, indicating that the surface area 
of AFOs in this region might not be an accurate proxy for number of animals, an important 
determinant of ammonia emissions (Hristov et al., 2011). To address temporal variations in 
AFO exposure, we incorporated daily wind direction and wind speed. With Eplume,3 we 
accounted for changing wind directions at AFO locations; this addition explained an 
additional 8% of the daily variation in ammonia beyond that of the two simpler, time-
invariant metrics of plume exposure. For Eplume,4 an additional term in the denominator was 
included to attenuate the estimated exposure with increased wind speeds, because pollutants 
in plumes should become more dispersed at increased wind speed (Hanna et al., 1982). 
Counter to our expectations, correlation with Eplume,4 was not better than with Eplume,3, 
reflecting possible increased volatilization rates of ammonia with wind speed (Moore et al., 
2014). The relationship between ambient ammonia concentrations and wind speed may be 
nonmonotonic if faster winds increase the amount of ammonia emitted from an AFO but 
also decrease the resultant downwind concentrations by dilution. One investigation of swine 
AFO odor in residential communities found that odor intensity increased at both low speeds 
and high speeds relative to moderate wind speeds (Wing et al., 2008), implying a nonlinear 
relationship between wind speed and AFO exposures.
Our findings in this study were similar to those of our earlier smaller longitudinal study of 
childhood and ambient ammonia (Loftus et al., 2015a). This is not surprising because 
ammonia is a component of the complex mixture of air pollutants comprising AFO air 
emissions. From this analysis we are unable to determine whether observed associations 
with health are due to any specific component of AFO air pollution or a combination of one 
or more contaminants, many of which have been associated with respiratory effects. The 
current analysis expands upon the previous one by employing a substantially larger sample 
size and by focusing on exposure to AFO plumes as a mixture of potential toxicants rather 
than on a single chemical component. We also report suggestive evidence that increased 
exposure to AFO air pollution leads to short-term increases uLTE4, a biomarker of short-
term immunological changes that increases with asthma exacerbations (Hoffman et al., 
2018; Rabinovitch et al., 2012). Urinary LTE4 is an emerging biomarker of asthma severity 
and exacerbation, and has been recommended for research on short term asthma morbidity 
(Hoffman et al., 2018; Rabinovitch et al., 2012). In a separate analysis of the AFARE cohort, 
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higher LTE4 levels occurred with concurrent elevations in criteria pollutants and pesticides 
(Benda-Coker et al., 2019). Our current findings provide further evidence of the utility of 
LTE4 as a sensitive biomarker of asthma morbidity associated with environmental 
exposures.
Strengths of our study include the panel study design, which mitigates between-participant 
confounding by leveraging within-participant contrasts in exposure and outcome over time. 
Another important strength is that we validated our modeled AFO plume exposures with 
comparisons to ambient concentrations of ammonia, a component of AFO plumes, measured 
repeatedly at 18 sites across the region. We accounted for exposure at both home and school 
by modeling exposure at both locations for each child and time-averaging based on school 
schedules.
There are methodological limitations that should be considered when interpreting our 
results. The approach to modeling AFO pollution was informed by principles of pollutant 
dispersion from a point source, but AFOs are area sources rather than true point sources. 
Violations of this assumption would affect exposure estimates at locations closest to AFOs 
(Hanna et al., 1982). Another potential limitation is that our calculations of Eplume assumed 
constant pollutant emission rates from each AFO. This is a reasonable assumption 
considering that most toxic components of AFO plumes are emitted by animal waste, and 
animals produce waste daily. However, our exposure estimates do not account for the fact 
that emission rates from individual AFOs can differ substantially by facility-specific 
characteristics, such as the type and age of animals confined, manure treatment practices, 
duration of manure storage in waste lagoons, and protein content of animal feed (Hristov et 
al., 2011). Also, our time-varying exposure estimates did not account for applications of 
manure slurry or fertilizer to nearby fields, an event likely to significantly increase local 
concentrations of ammonia, hydrogen sulfide, and other pollutants (Bussink et al., 1998). 
Our plume modeling did not include occurrence of inversions or other meteorological events 
that could substantially affect spatial dispersion of AFO emissions, nor did we factor in local 
topography or nearby buildings. The study region is relatively flat, so regional topography 
may have had minimal influence on short-range pollutant dispersion, though the mountains 
that bound the valley could impact long-range dispersion. Further limitations in exposure 
assessment include crude and unvalidated assumptions about time spent at home versus 
school in order to calculate time-weighted exposure estimates. In addition, we cannot rule 
out the possibility that avoidance of intense AFO malodors affected children’s behavior and, 
in turn, outdoor exposures to AFO plumes.
Limitations specific to our epidemiologic analyses include possible outcome 
misclassification and measurement error. Both reported asthma symptoms and home lung 
function tests can be inaccurate in pediatric populations (Fritz et al., 1996; Redline et al., 
1996). Asthma symptoms were reported by child or parents, and misclassification could vary 
by reporter. We did not account for time of day of home lung function tests, though diurnal 
patterns could affect this outcome. Quantification of uLTE4 by immunoassay may 
overestimate LTE4 concentrations compared to other methods (Armstrong et al., 2009). 
However, because results of a panel study are driven by within-participant contrasts in 
exposures, biases due to systematic errors in outcome assessment would be reduced in 
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comparison to a cross-sectional design. Additionally, children were asked to use peak flow 
meters on a daily basis, but we had missing FEV1 data due to imperfect compliance and data 
loss. As described in our previous analyses of lung function measurements collected in 
AFARE (Loftus et al., 2015a and 2015b), we assessed likelihood of FEV1 missingness in 
association with participant characteristics and did not see evidence of differential 
missingness; further, re-analysis with multiple imputation of FEV1 values did not affect 
results. Because we previously detected no evidence of differential missingness and results 
were very similar to complete case analyses, we did not conduct multiple imputation for the 
current work. Finally, it should be noted that despite the large number of repeated 
measurements collected, the number of children in our cohort was rather small, which may 
limit generalizability of results to other pediatric populations.
Our findings add to accumulating evidence that exposure to AFO air emissions causes 
adverse short-term health effects in children with asthma residing nearby (Loftus et al., 
2015a; Merchant et al., 2015; Mirabelli et al., 2006; Pavilonis et al., 2013; Radon et al., 
2007; Rasmussen et al., 2017) and, further, suggest that health effects may be mediated by 
increases in inflammation. Emissions from AFOs are a complex mixture of numerous 
potential respiratory system toxicants. Based on our data collection we cannot identify the 
toxic agents responsible for adverse effects. AFO emissions are a complex mixture of 
contaminants with potential respiratory effects, all highly correlated in the exposure 
scenarios in this study. Ammonia is a respiratory system irritant but evidence linking 
environmental exposures to asthma exacerbations is scarce; it may serve as a proxy for 
correlated, established respiratory toxicants, including particulate matter, endotoxins, and 
hydrogen sulfide. A careful study of emission source contributions would be needed to 
understand how to mitigate the health effects, if they were confirmed; for example, 
regulations related to manure management and spraying could reduce community exposures. 
This research topic is important because pediatric asthma poses a significant public health 
burden for rural communities in the United States. Families in rural areas tend to be lower in 
socioeconomic status and have more limited access to quality health care compared to urban 
and suburban counterparts, increasing risk of respiratory morbidity for children with asthma 
(Ownby, 2005; Perry et al., 2008; Ungar et al., 2011). Furthermore, environmental pollution 
associated with industrial agricultural disproportionately impacts lower income and minority 
populations in the United States (Wing et al., 2000).
CONCLUSIONS
We developed a method for estimating daily exposure to AFO and validated estimates with 
direct measurements of ammonia, a chemical marker of AFO emissions. We utilized this 
metric in epidemiologic analyses of short-term changes in asthma outcomes in children with 
asthma; the results strengthen existing evidence that one or more pollutants emitted by 
AFOs may compromise community health. These findings motivate further work to identify 
the most toxic agents in AFO emissions and identify strategies for minimizing exposure, 
especially for children with asthma and other sensitive individuals.
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Figure A.1: Repeated measures of urinary LTE4 concentrations for AFARE participants.
Time series plots of uLTE4 (N=16) for all children participating in the LTE4 substudy. 
uLTE4 concentrations were adjusted for creatinine and log transformed.
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Figure A.2: Site-specific comparisons between outdoor ammonia and estimated ARO-related air 
pollution exposure.
Outdoor ammonia was measured at 18 sites at six-day intervals over a year (N=834).
REFERENCES
Adams PJ, Seinfeld JH, Koch DM. Global concentrations of tropospheric sulfate, nitrate, and 
ammonium aerosol simulated in a general circulation model. Journal of Geophysical Research-
Atmospheres 1999;104(D11):13791–13823.
Aneja VP, Schlesinger WH, Erisman JW. Effects of Agriculture upon the Air Quality and Climate: 
Research, Policy, and Regulations. Environmental Science & Technology 2009;43(12):4234–4240. 
[PubMed: 19603628] 
Armstrong JL, Fitzpatrick CF, Loftus CT, Yost MG, Tchong-French M, Karr CJ. Development of a 
unique multi-contaminant air sampling device for a childhood asthma cohort in an agricultural 
environment. Environ Sci Process Impacts. 2013: 15(9):1760–7. [PubMed: 23896655] 
Armstrong M, Liu AH, Harbeck R, Reisdorph R, Rabinovitch N, Reisdorph N. Leukotriene-E4 in 
human urine: Comparison of on-line purification and liquid chromatography-tandem mass 
spectrometry to affinity purification followed by enzyme immunoassay. J Chromatogr B Analyt 
Technol Biomed Life Sci. 2009; 877: 3169–3174
Arteaga V, Mitchell D, Matt G, Quintana P, Schaeffer J, Reynolds S, Schenker M, Mitloehner F. 
Occupational Exposure to Endotoxin in PM2.5 and Pre- and Post-Shift Lung Function in California 
Dairy Workers. Journal of Environmental Protection. 2015; 6, 552–565.
Benka-Coker W, Loftus C, Karr C, Magzamen S. Association of Organophosphate Pesticide Exposure 
and a Marker of Asthma Morbidity in an Agricultural Community. J Agromedicine. 2019 5 25:1–9. 
[PubMed: 31766983] 
Brender JD, Maantay JA, Chakraborty J. Residential proximity to environmental hazards and adverse 
health outcomes. Am J Public Health. 2011 12;101 Suppl 1:S37–52. [PubMed: 22028451] 
Loftus et al. Page 16
Int J Hyg Environ Health. Author manuscript; available in PMC 2021 January 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Bussink D & Oenema O Ammonia volatilization from dairy farming systems in temperate areas: a 
review. Nutrient Cycling in Agroecosystems. 1998; 51: 19.
Cordioli M, Ranzi A, De Leo GA, Lauriola P. A review of exposure assessment methods in 
epidemiological studies on incinerators. J Environ Public Health. 2013;2013:129470. [PubMed: 
23840228] 
Coudon T, Hourani H, Nguyen C, Faure E, Mancini FR, Fervers B, Salizzoni P. Assessment of long-
term exposure to airborne dioxin and cadmium concentrations in the Lyon metropolitan area 
(France). Environ Int. 2018 2;111:177–190. [PubMed: 29220728] 
Coudon T, Danjou AMN, Faure E, Praud D, Severi G, Mancini FR, Salizzoni P, Fervers B. 
Development and performance evaluation of a GIS-based metric to assess exposure to airborne 
pollutant emissions from industrial sources. Environ Health. 2019 1 25;18(1):8. [PubMed: 
30683108] 
Curtiss PS, Rabl A. Impacts of air pollution: general relationships and site dependence. Atmos Environ 
1996;30: 3331–47.
Dales R, Chen L, Frescura AM, Liu L, Villeneuve PJ. Acute effects of outdoor air pollution on forced 
expiratory volume in 1 s: a panel study of schoolchildren with asthma. Eur Respir J. 2009 8;34(2):
316–23 [PubMed: 19251781] 
De Sario M, Pasetto R, Vecchi S, Zeka A, Hoek G, Michelozzi P, Iavarone I, Fletcher T, Bauleo L, 
Ancona C. A scoping review of the epidemiological methods used to investigate the health effects 
of industrially contaminated sites. Epidemiol Prev. 2018 Sep-Dec;42(5-6S1):59–68. [PubMed: 
30322236] 
Diggle Peter J.; Patrick Heagerty, Kung-Yee Liang, Zeger Scott L.. Analysis of Longitudinal Data. 
Oxford: Oxford University press; 2002.
Donham KJ. Respiratory disease hazards to workers in livestock and poultry confinement structures. 
Semin Respir Med 14:49–59 (1993).
Donham KJ, Lee JA, Thu K, Reynolds SJ. Assessment of air quality at neighbor residences in the 
vicinity of swine production facilities. Journal of Agromedicine 2006;11(3/4):15–24. [PubMed: 
19274894] 
Douglas P, Robertson S, Gay R, Hansell AL, Gant TW. A systematic review of the public health risks 
of bioaerosols from intensive farming. Int J Hyg Environ Health. 2018 3;221(2):134–173. 
[PubMed: 29133137] 
Dungan RS, Leytem AB. Ambient Endotoxin Concentrations and Assessment of Offsite Transport at 
Open-Lot and Open-Freestall Dairies (vol 40, pg 462, 2011). Journal of Environmental Quality 
2012;41(5):1702–1702.
Feilberg A, Hansen MJ, Liu D, Nyord T. Contribution of livestock H(2)S to total sulfur emissions in a 
region with intensive animal production. Nat Commun. 2017 10 20;8(1):1069. [PubMed: 
29051487] 
Fritz GK, McQuaid EL, Spirito A, Klein RB. Symptom perception in pediatric asthma: relationship to 
functional morbidity and psychological factors. J Am Acad Child Adolesc Psychiatry. 1996 
8;35(8):1033–41. [PubMed: 8755800] 
Ghannam K, El-Fadel M. Emissions characterization and regulatory compliance at an industrial 
complex: an integrated MM5/CALPUFF approach. Atmos Environ. 2013;69:156–169.
Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a sample of the general 
US population. Am J Respir Crit Care Med. 1999;159(1):179–187. [PubMed: 9872837] 
Hanna SR, Briggs GA, Hosker RP. Handbook on atmospheric diffusion. United States Department of 
Energy. Office of Energy Research.; United States Department of Energy. Office of Health and 
Environmental Research 1982.
Heederik D, Sigsgaard T, Thorne PS, et al. Health effects of airborne exposures from concentrated 
animal feeding operations. Environ Health Perspect. 2007;115(2):298–302. [PubMed: 17384782] 
Hodgson S, Nieuwenhuijsen MJ, Colvile R, Jarup L. Assessment of exposure to mercury from 
industrial emissions: comparing "distance as a proxy" and dispersion modelling approaches. 
Occup Environ Med. 2007 6;64(6):380–8. Epub 2006 Dec 20. [PubMed: 17182645] 
Hoek G, Ranzi A, Alimehmeti I, Ardeleanu ER, Arrebola JP, Ávila P, Candeias C, Colles A, Crişan 
GC, Dack S, Demeter Z, Fazzo L, Fierens T, Flückiger B, Gaengler S, Hänninen O, Harzia H, 
Loftus et al. Page 17
Int J Hyg Environ Health. Author manuscript; available in PMC 2021 January 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Hough R, Iantovics BL, Kalantzi OI, Karakitsios SP, Markis KC, Martin-Olmedo P, Nechita E, 
Nicoli T, Orru H, Pasetto R, Pérez-Carrascosa FM, Pestana D, Rocha F, Sarigiannis DA, Teixeira 
JP, Tsadilas C, Tasic V, Vaccari L, Iavarone I, de Hoogh K. A review of exposure assessment 
methods for epidemiological studies of health effects related to industrially contaminated sites. 
Epidemiol Prev. 2018 Sep-Dec;42(5-6S1):21–36. [PubMed: 30322233] 
Hoffman BC, Rabinovitch N. Urinary Leukotriene E4 as a Biomarker of Exposure, Susceptibility, and 
Risk in Asthma: An Update. Immunol Allergy Clin North Am. 2018 11;38(4):599–610. [PubMed: 
30342582] 
Hooiveld M, Smit LAM, van der Sman-de Beer F, Wouters IM, van Dijk CE, Spreeuwenberg P, 
Heederik DJJ, Yzermans CJ. Doctor-diagnosed health problems in a region with a high density of 
concentrated animal feeding operations: a cross-sectional study. Environ Health. 2016 2 17;15:24. 
[PubMed: 26888643] 
Horton RA, Wing S, Marshall SW, Brownley KA. Malodor as a trigger of stress and negative mood in 
neighbors of industrial hog operations. Am J Public Health. 2009;99:S610–S615. [PubMed: 
19890165] 
Hristov AN, Hanigan M, Cole A, et al. Review: Ammonia emissions from dairy farms and beef 
feedlots. Can J Anim Sci. 2011;91(1):1–35.
Janes H, Sheppard L, Shepherd K. Statistical analysis of air pollution panel studies: an illustration. 
Ann Epidemiol. 2008 10;18(10):792–802. [PubMed: 18922395] 
Kalkowska DA, Boender GJ, Smit LAM, Baliatsas C, Yzermans J, Heederik DJJ, Hagenaars TJ. 
Associations between pneumonia and residential distance to livestock farms over a five-year 
period in a large population-based study. PLoS One. 2018 7 17;13(7):e0200813. [PubMed: 
30016348] 
Ko G, Simmons OD III, Likirdopulos CA, Worley-Davis L, Williams CM, Sobsey MD. Endotoxin 
Levels at Swine Farms Using Different Waste Treatment and Management Technologies. 
Environmental Science & Technology 2010;44(9):3442–3448. [PubMed: 20356077] 
Lewin A, Buteau S, Brand A, Kosatsky T, Smargiassi A. Short-term risk of hospitalization for asthma 
or bronchiolitis in children living near an aluminum smelter. J Expo Sci Environ Epidemiol. 2013 
Sep-Oct;23(5):474–80. [PubMed: 23695491] 
Loftus C, Yost M, Sampson P, Torres E, Arias G, Breckwich Vasquez V, Hartin K, Armstrong J, 
Tchong-French M, Vedal S, Bhatti P, Karr C. Ambient Ammonia Exposures in an Agricultural 
Community and Pediatric Asthma Morbidity. Epidemiology. 2015a;26(6):794–801. [PubMed: 
26352250] 
Loftus C, Yost M, Sampson P, Arias G, Torres E, Vasquez VB, Bhatti P, Karr C. Regional PM2.5 and 
asthma morbidity in an agricultural community: a panel study. Environ Res. 2015b;136:505–12. 
doi: 10.1016/j.envres.2014.10.030. [PubMed: 25460673] 
Loyo-Berríos NI, Irizarry R, Hennessey JG, Tao XG, Matanoski G. Air pollution sources and 
childhood asthma attacks in Catano, Puerto Rico. Am J Epidemiol. 2007 4 15;165(8):927–35. 
[PubMed: 17308332] 
May S, Romberger DJ, Poole JA. Respiratory Health Effects of Large Animal Farming Environments. 
Journal of Toxicology and Environmental Health-Part B-Critical Reviews 2012;15(8):524–541.
Merchant JA, Naleway AL, Svendsen ER, Kelly KM, Burmeister LF, Stromquist AM, Taylor CD, 
Thorne PS, Reynolds SJ, Sanderson WT, Chrischilles EA. Asthma and farm exposures in a cohort 
of rural Iowa children. Environ Health Perspect. 2005 3;113(3):350–6. [PubMed: 15743727] 
Micheli A, Meneghini E, Mariottini M, Baldini M, Baili P, Di Salvo F, Sant M. Risk of death for 
hematological malignancies for residents close to an Italian petrochemical refinery: a population-
based case-control study. Cancer Causes Control. 2014 12;25(12):1635–44. [PubMed: 25281327] 
Mirabelli MC, Wing S, Marshall SW, Wilcosky TC. Asthma symp- toms among adolescents who 
attend public schools that are located near confined swine feeding operations. Pediatrics. 
2006;118:e66–e75. [PubMed: 16818539] 
Moore KD, Young E, Gurell C, Wojcik MD, Martin RS, Bingham GE, Pfeiffer RL, Praeger JH, 
Hatfield JL. AMMONIA MEASUREMENTS AND EMISSIONS FROM A CALIFORNIA 
DAIRY USING POINT AND REMOTE SENSORS. Transactions of the ASABE 2014;57(1):181–
198.
Loftus et al. Page 18
Int J Hyg Environ Health. Author manuscript; available in PMC 2021 January 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Ownby DR. Asthma in rural America. Ann Allergy Asthma Immunol. 2005 11;95(5 Suppl 1):S17–22. 
[PubMed: 16312158] 
Partridge MR, van der Molen T, Myrseth SE, Busse WW. Attitudes and actions of asthma patients on 
regular maintenance therapy: The INSPIRE study. BMC Pulm Med. 2006;6:13. [PubMed: 
16772035] 
Pascal M, Pascal L, Bidondo ML, Cochet A, Sarter H, Stempfelet M, Wagner V. A review of the 
epidemiological methods used to investigate the health impacts of air pollution around major 
industrial areas. J Environ Public Health. 2013;2013:737926. [PubMed: 23818910] 
Pavilonis BT, Sanderson WT, Merchant JA. Relative exposure to swine animal feeding operations and 
childhood asthma prevalence in an agricultural cohort. Environmental Research 2013;122:74–80. 
[PubMed: 23332647] 
Pavilonis BT, O'Shaughnessy PT, Altmaier R, Metwali N, Thorne PS. Passive monitors to measure 
hydrogen sulfide near concentrated animal feeding operations. Environmental Science-Processes 
& Impacts 2013;15(6):1271–1278. [PubMed: 23681048] 
Perry TT, Vargas PA, McCracken A, Jones SM. Underdiagnosed and uncontrolled asthma: findings in 
rural schoolchildren from the Delta region of Arkansas. Ann Allergy Asthma Immunol. 2008 
10;101(4):375–81. [PubMed: 18939725] 
Postma JM, Smalley K, Ybarra V, Kieckhefer G. The Feasibility and Acceptability of a Home-
Visitation, Asthma Education Program in a Rural, Latino/a Population. J Asthma. 2011 ;48(2):
139–146. [PubMed: 21043988] 
Purdy CW, Clark RN, Straus DC. Ambient and indoor particulate aerosols generated by dairies in the 
southern High Plains. J Dairy Sci. 2009 12;92(12):6033–45. [PubMed: 19923606] 
Rabinovitch N Urinary leukotriene E4 as a biomarker of exposure, susceptibility and risk in asthma. 
Immunol Allergy Clin North Am. 2012 8;32(3):433–45. [PubMed: 22877620] 
Radon K, Schulze A, Ehrenstein V, van Strien RT, Praml G, Nowak D. Environmental exposure to 
confined animal feeding operations and respiratory health of neighboring residents. Epidemiology 
2007;18(3):300–308. [PubMed: 17435437] 
Rasmussen SG, Casey JA, Bandeen-Roche K, Schwartz BS. Proximity to Industrial Food Animal 
Production and Asthma Exacerbations in Pennsylvania, 2005-2012. Int J Environ Res Public 
Health. 2017 3 31;14(4).
Reddel HK, Taylor DR, Bateman ED, Boulet LP, Boushey HA, Busse WW, Casale TB, Chanez P, 
Enright PL, Gibson PG, de Jongste JC, Kerstjens HA, Lazarus SC, Levy ML, O'Byrne PM, 
Partridge MR, Pavord ID, Sears MR, Sterk PJ, Stoloff SW, Sullivan SD, Szefler SJ, Thomas MD, 
Wenzel SE; American Thoracic Society/European Respiratory Society Task Force on Asthma 
Control and Exacerbations. An official American Thoracic Society/European Respiratory Society 
statement: asthma control and exacerbations: standardizing endpoints for clinical asthma trials and 
clinical practice. Am J Respir Crit Care Med. 2009 7 1;180(1):59–99. [PubMed: 19535666] 
Redline S, Wright EC, Kattan M, Kercsmar C, Weiss K. Short-term compliance with peak flow 
monitoring: results from a study of inner city children with asthma. Pediatr Pulmonol. 1996;21(4):
203–10. [PubMed: 9121848] 
Reynolds SJ, Nonnenmann MW, Basinas I, Davidson M, Elfman L, Gordon J, Kirychuck S, Reed S, 
Schaeffer JW, Schenker MB, Schlünssen V, Sigsgaard T. Systematic review of respiratory health 
among dairy workers. J Agromedicine. 2013;18(3):219–43. [PubMed: 23844790] 
Schinasi L, Horton RA, Guidry VT, Wing S, Marshall SW, Morland KB. Air Pollution, Lung Function, 
and Physical Symptoms in Communities Near Concentrated Swine Feeding Operations. 
Epidemiology 2011;22(2):208–215. [PubMed: 21228696] 
Schulze A, Roemmelt H, Ehrenstein V, van Strien R, Praml G, Kuechenhoff H, Nowak D, Radon K. 
Effects on Pulmonary Health of Neighboring Residents of Concentrated Animal Feeding 
Operations: Exposure Assessed Using Optimized Estimation Technique. Archives of 
Environmental & Occupational Health 2011;66(3):146–154. [PubMed: 21864103] 
Sigurdarson ST, Kline JN. School proximity to concentrated animal feeding operations and prevalence 
of asthma in students. Chest 2006;129(6):1486–1491. [PubMed: 16778265] 
Loftus et al. Page 19
Int J Hyg Environ Health. Author manuscript; available in PMC 2021 January 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Smargiassi A, Kosatsky T, Hicks J, Plante C, Armstrong B, Villeneuve PJ, Goudreau S. Risk of 
asthmatic episodes in children exposed to sulfur dioxide stack emissions from a refinery point 
source in Montreal, Canada. Environ Health Perspect. 2009 4;117(4):653–9. [PubMed: 19440507] 
Thorne PS, Ansley AC, Perry SS. Concentrations of Bioaerosols, Odors, and Hydrogen Sulfide Inside 
and Downwind from Two Types of Swine Livestock Operations. Journal of Occupational and 
Environmental Hygiene 2009;6(4):211–220. [PubMed: 19177273] 
Ungar WJ, Paterson JM, Gomes T, Bikangaga P, Gold M, To T, Kozyrskyj AL. Relationship of asthma 
management, socioeconomic status, and medication insurance characteristics to exacerbation 
frequency in children with asthma. Ann Allergy Asthma Immunol. 2011 1;106(1):17–23. 
[PubMed: 21195940] 
Von Essen S, Moore G, Gibbs S, et al. Respiratory issues in beef and pork production: 
recommendations from an expert panel. J Agromedicine 2010;15:216–25. [PubMed: 20665307] 
Washington State Department of Agriculture. Chapter RCW 90.64, Dairy Nutrient Management Act. 
http://agr.wa.gov/foodanimal/livestock-nutrient/ [Accessed June 23, 2014]
White N, WaterNaude J, van der Walt A, Ravenscroft G, Roberts W, Ehrlich R. Meteorologically 
estimated exposure but not distance predicts asthma symptoms in schoolchildren in the environs of 
a petrochemical refinery: a cross-sectional study. Environ Health. 2009 9 25;8:45. [PubMed: 
19781087] 
Williams DL, Breysse PN, McCormack MC, Diette GB, McKenzie S, Geyh AS. Airborne cow 
allergen, ammonia and particulate matter at homes vary with distance to industrial scale dairy 
operations: an exposure assessment. Environ Health. 2011 8 12;10:72. [PubMed: 21838896] 
Williams DA, McCormack MC, Matsui EC, Diette GB, McKenzie SE, Geyh AS, Breysse PN. Cow 
allergen (Bos d2) and endotoxin concentrations are higher in the settled dust of homes proximate 
to industrial-scale dairy operations. J Expo Sci Environ Epidemiol. 2016 Jan-Feb;26(1):42–7. 
[PubMed: 25138294] 
Wing S, Cole D, Grant G. Environmental injustice in North Carolina's hog industry. Environ Health 
Perspect. 2000;108(3):225–231
Wing S, Horton RA, Marshall SW, Thu K, Tajik M, Schinasi L, Schiffman SS. Air pollution and odor 
in communities near industrial swine operations. Environ Health Perspect. 2008 10;116(10):1362–
8. [PubMed: 18941579] 
Wing S, Horton RA, Rose KM. Air Pollution from Industrial Swine Operations and Blood Pressure of 
Neighboring Residents. Environmental Health Perspectives 2013;121(1):92–96. [PubMed: 
23111006] 
Yu CL, Wang SF, Pan PC, Wu MT, Ho CK, Smith TJ, Li Y, Pothier L, Christiani DC; Kaohsiung 
Leukemia Research Group. Residential exposure to petrochemicals and the risk of leukemia: using 
geographic information system tools to estimate individual-level residential exposure. Am J 
Epidemiol. 2006 8 1;164(3):200–7. [PubMed: 16754633] 
Loftus et al. Page 20
Int J Hyg Environ Health. Author manuscript; available in PMC 2021 January 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Figure 1: Timeline of health and exposure data collection.
Repeated collection of longitudinal health and exposure data across the span of the AFARE 
study.
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Figure 2: Univariate associations between subject-mean urinary LTE4 and child characteristics.
Average subject-specific mean uLTE4 (N=16) was compared to child characteristics using t-
tests with unequal variances. uLTE4 concentrations were adjusted for creatinine and log 
transformed. Abbreviations: IC = inhaled corticosteroid use reported at baseline; LTRA = 
leukotriene receptor agonist use reported at baseline; LTE4 = leukotriene E4
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Figure 3: Comparison between outdoor ammonia and estimated ARO-related air pollution 
exposure at AFARE monitoring sites.
Outdoor ammonia was measured at 18 sites at six-day intervals over a year (N=834). 
Concentrations estimated from an ammonia mass below the LOD are highlighted in blue.
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Figure 4: Associations between estimated daily AFO exposure and child lung function (FEV1, % 
predicted).
Associations between AFO exposure and daily lung function (FEV1, % predicted; N=3853 
measurements) were estimated using generalized estimating equations, with adjustment for 
time-varying factors, each modeled using cubic splines (temperature, relative humidity, 
elapsed week of study, and seasonality (calendar month)) as well as subject-specific 
characteristics (sex, age, atopy, use of inhaled corticosteroids at baseline, BMI at baseline 
and presence of adult smoker in household.) Effect sizes are scaled to an IQR increase in 
AFO exposure, estimated using E plume 4.
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Figure 5: Urinary LTE4 and estimated AFO pollution exposure on the same day.
Participant urinary LTE4 (adjusted for creatinine and log-transformed) and estimated AFO 
plume exposure on the same day is plotted. Shorter lines show subject-specific slopes and 
the longer line shows the trend for the entire sample.
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Table 1:
Metrics to estimate daily AFO plume exposure
Eplume Formula Description
1 Eplume, 1(s, a) = log∑a = 1
97 1
da, s
2 Exposure depends on proximity to AFOs alone (time invariant)
2 Eplume, 2(s, a) = log∑a = 1
97 Aa
da, s
2
Exposure depends on proximity to AFOs and estimated size of facility (time 
invariant)
3 Eplume, 3(t, s, a) = log∑a = 1
97 Aa f (t, s, a)
da, s
2
Exposure depends on distance, size and the percent of time on that day when 
wind was blowing towards subject location (time varying)
4 Eplume, 4(t, s, a) = log∑a = 1
97 Aa f (t, s, a)
da, s
2 ∗ u(t, s, a)
Same as (3) but with an additional term in denominator for average wind 
speed (time varying)
Abbreviations:
s = subject location (home or school)
a = animal operation (AFO)
t = day of study
Aa = estimated size of AFO facility (in m2)
da,s = AFO to subject distance
f (t, s, a) = fraction of hours in day when wind is blowing from AFO to home on 8-point wind rose
u (t, s, a) = average wind speed during the hours when wind is blowing from AFO to home
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Table 2:
Characteristics of participants in analytic sample
All
participants
(N=58)
LTE4
substudy
(N=16)
N (%) or mean
+/− s.d.
N (%) or mean
+/− s.d.
Child demographics
 Female 29 (50%) 7 (44%)
 Age at baseline (years) 10.4 +/− 2.7 9.7 +/− 2.5
 Born outside US 10 (17%) 4 (25%)
 Hispanic/Latino ethnicity 54 (93%) 15 (94%)
Household characteristics
 Household income <$15k/year 24 (41%) 8 (50%)
 Parent(s) employed as farmworker 29 (50%) 9 (56%)
 At least one adult smoker in household 8 (14%) 0 (0%)
Baseline asthma health
Reported controller medication use
Inhaled corticosteroids (IC) 41 (71%) 11 (69%)
Leukotriene antagonist (LTRA) 17 (29%) 6 (38%)
Both IC and LTRA 14 (24%) 5 (31%)
Ever hospitalized with asthma 38 (66%) 8 (50%)
Unscheduled visit for asthma in previous 12 months 46 (79%) 14 (88%)
 Atopic asthmaa 42 (71%) 12 (75%)
Abbreviations: s.d., standard deviation; US, United States; ED, emergency department; BMI, body mass index; IC, inhaled corticosteroids; LTRA, 
leukotriene antagonist.
a
Indicated by positive skin prick test to at least one of 22 common inhalant allergens.
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Table 3:
Summary of participant-specific asthma outcomes1
mean +/− s.d.
Percentage of interviews in which symptom reported in week prior
Woken by asthma 45 +/− 25%
Limited in daily activities 35 +/− 23%
Shortness of breath 19 +/− 14%
Symptoms in morning 39 +/− 22%
Wheezing 25 +/− 19%
Percentage of interviews in which short-acting medication use reported in week prior 49 +/− 27%
Participant-average FEV1% 75 +/− 15%
1
For every outcome, an average value for each participant across all time points was determined. The average and s.d. across all participant-specific 
means are presented here.
Abbreviations: FEV1%, forced expiratory volume in 1 second as a percent of predicted value; s.d., standard deviation
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Table 4:
Associations between weekly AFO air pollution exposure and reported asthma symptoms 
and medication use.
Odds ratios for report vs. no report of symptoms or medication use on biweekly surveys (N=2023) were 
estimated using generalized estimating equations, with adjustment for time-varying factors, each modeled 
using cubic splines (temperature, relative humidity, elapsed week of study, and seasonality (calendar month)) 
as well as subject-specific characteristics (sex, age, atopy, use of inhaled corticosteroids at baseline, BMI at 
baseline and presence of adult smoker in household.) Odds ratios are scaled to an IQR increase in AFO 
exposure (1.89), estimated using E plume 4, averaged over the week prior.
Reported symptom or medication
use in week prior
OR for report vs. no
report of symptom 95% CI p-value
Woken by asthma 0.90 0.75 1.08 0.27
Limited in daily activities 0.93 0.76 1.14 0.29
Shortness of breath 0.93 0.77 1.13 0.48
Symptoms in morning 0.93 0.79 1.12 0.45
Wheezing 0.90 0.75 1.08 0.27
Use of short-acting bronchodilator 1.00 0.78 1.13 0.49
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Table 5:
Associations between AFO air pollution exposure at various lag days and urinary LTE4.
Average differences in uLTE4 were calculated for an IQR increase in AFO plume exposure on varying lag 
days using linear mixed models, adjusted for child age, atopy status, and reported inhaled corticosteroid use at 
baseline.
Exposure lag
Difference in log pLTE4 (ug/mg
creatinine) 95% CI p-value
0 (same day) 0.17 −0.01, 0.35 0.059
1 0.12 −0.02, 0.26 0.09
2 0.11 −0.07, 0.28 0.23
3 0.13 −0.04, 0.31 0.14
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